The use of artificial freezing can change the mechanical properties of marine clay. In the construction of cross passages in metro tunnels in which the artificial ground freezing (AGF) method is applied, freeze-thaw circulation and cyclic loading could weaken the engineering properties of the clay, thus resulting in differential settlement. In this paper, the authors studied the dynamic properties of frozen-thawed soils under cyclic loading, with the help of dynamic triaxial testing. According to the dynamic triaxial test results and the images from scanning electron microscopy (SEM), the authors explained the weakening effect of both the freeze-thaw cycle and dynamic loading on soft soil. After freezing, the number of large pores increased. In addition, after cyclic loading, the pore structure of the soil showed a tendency towards compaction, which led to the large pores breaking into small ones. Subsequently, the potential reasons for the change of macroscopic dynamic characteristics were explained from a micro-scale point of view.
Introduction
The artificial ground freezing (AGF) method is normally used for the construction of tunnels in soft soil areas, especially in coastal regions such as Shanghai in China. The freeze-thaw cycle seriously alters the internal structure of the soil. Changes in microstructure characteristics affect the macroscopic properties of the soil. For now, the mechanism of a tunnel's long-term settlement under both freeze-thaw cycles and metro loading remains unclear. A further study on the dynamic properties of frozen-thawed soil is necessary, as this can provide the basis for controlling long-term settlements after AGF-method construction.
Engineered freezing-thawing soils are different from freezing-thawing soils in nature [1] [2] [3] [4] . The phase changes between liquid and solid water in soil during a freeze-thaw period have been studied previously [5] . There are a variety of factors that influence the characteristics of frozen-thawed soil. Firstly, the type of soil-which includes moisture content [6] [7] [8] [9] and pore morphology [10, 11] -is a critical factor of the soil characteristics. Zhai et al. [12] found that, for consecutive freeze-thaw cycles, the proportion of micro-pores and mini-pores gradually decreased, while that of meso-pores and macropores increased. Watanabe et al. [13] point out that the effects of macropores on soil freezing and thawing with infiltration will lead to a unique distribution of water content. Leroueil et al. [14] found that the shear stress peak value of over-consolidated clay became significantly lower after
Materials and Methods

Remolded Soil Samples
The soil samples were taken from the Hangzhou Metro Line 2 Liangzhu station. For undisturbed soil, the total unit weight is 17.6 kN/m 3 , the water content ω is 47%, the grain density s is 2.74 g/cm 3 , the plastic limit is 31.4%, the liquid limit is 49.2%, and the plasticity index is 17.8. The preparation of remolded soil was based on the multi-channel intelligent remolded soil vacuum preloading equipment ( Figure 1 ). The vacuum container invented by Sheahan et al. [22] was used to make soil samples. The uniformity of the remolded soil is demonstrated. For the remolded soil, which is shown in Figure 2 , the unit weight is 18.2 kN/m 3 , grain density s is 2.74 g/cm 3 , remolded water content ωis 45%, plastic limit is 33.4%, liquid limit is 51.6%, and the plasticity index is 18.2.
The frozen-thawed soil samples were prepared in a cylinder with a 38-mm diameter and a 76-mm height which was then placed into a vacuum saturation cylinder and vacuumed at −0.1 MPa (relative to atmospheric pressure) for 3 h and finally submerged in water at atmospheric pressure for 12 h to saturate the soil samples. The frozen-thawed soil samples were prepared in a cylinder with a 38-mm diameter and a 76-mm height which was then placed into a vacuum saturation cylinder and vacuumed at −0.1 MPa (relative to atmospheric pressure) for 3 h and finally submerged in water at atmospheric pressure for 12 h to saturate the soil samples. 
Cyclic Loading
A bias-sine wave was used to simulate the subway loads. The effective consolidation stress was selected as p = 200 kPa (the confining pressure was 550 kPa, and the back pressure was 350 kPa), and the cyclic stress ratio τ = σd/2p (σd is the static deviator stress) was selected as 0.2. The static deviator stress was selected as 40 kPa. To simulate the long-term cyclic loading on the soil during subway operations, 20,000 times loading was chosen. The authors selected 1 Hz for the frequency of cyclic loading [30] , and the loading was applied by the dynamic triaxial test machine invented by GDS (Geotechnical Digital Systems) company (Hook, UK) in Figure 3 . The components of the dynamic triaxial test machine and waveform are shown in Figure 4 . The saturation and consolidation stage can be achieved by the pressure controllers. The software designed by GDS company called GDSlab v2.5.4.5. 
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Freeze-Thaw Cycles
In the process of subway construction, the design temperature of the frozen wall is −20 °C, while the cooling medium is about −30 °C. In terms of the freezing temperature, the remolded clay was frozen for 48 h at −30 °C, −20 °C, and −10 °C. In exceptional construction situations, the foundation soil could be frozen twice. For this reason, 0 to 2 freeze-thaw cycles were set for the comparative test. For the 76-mm high frozen remolded clay, 48 h is a suitable freezing time to simulate practical engineering. In one freeze-thaw cycle, the remolded clay was frozen at the set experimental temperature for 48 h in a low-temperature freezing box, then thawed in the chamber with constant temperature and humidity for another 48 h.
Microscopic Observation
The SEM technique is one of the main methods to investigate the surface structure of materials that can also be applied to soils [31] and rocks [32] . In this paper, the field-emission scanning electron microscope (FES 650) in Figure 5 was adopted for soil surface analysis. The remolded soil samples were cut into strips with a 2 cm × 2 cm cross-section. After drying, the remolded soil strips were broken every 2 cm along their height for observation. To ensure the quality of the micro-images, the authors coated the dry soil surface with a layer of 20-50 nm gold film as a conductive material ( Figure  6 ). All pictures of the soil sample were at 8000 times magnification, and the representative regions were continuously photographed 15 times. 
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Experimental Plan
The soil samples were frozen at −10 • C, −20 • C, and −30 • C. As shown in Table 1 , seven samples were set. In addition, the microstructure changes of the frozen-thawed soil before and after freeze-thaw action were studied. During the experiment, GDSlab software was used to control pressure and cyclic loading while collecting data. All the data were recorded and displayed in real time. The particle morphology and pore shape of the soil was photographed by SEM. The aggregation structure in the red circle and fragment structure in the green circle can be observed in Figure 7 , which shows the microstructure scan images of the unfrozen soil sample and the −10 • C frozen soil sample. During the freezing process, it can be inferred that the growth of ice crystals destroys the coupling effect between the soil particles. Thus, pores in the soil connected to others and turned into larger ones; then, a new soil skeleton structure formed. During melting, the disappearance of ice crystals cannot completely restore the original skeleton structure. It can be seen that the aggregation structures (red circle) play a dominant role in the soil skeleton before freezing; however, the fragment structure (green circle) takes the dominant role after thawing. The particle morphology and pore shape of the soil was photographed by SEM. The aggregation structure in the red circle and fragment structure in the green circle can be observed in Figure 7 , which shows the microstructure scan images of the unfrozen soil sample and the −10 °C frozen soil sample. During the freezing process, it can be inferred that the growth of ice crystals destroys the coupling effect between the soil particles. Thus, pores in the soil connected to others and turned into larger ones; then, a new soil skeleton structure formed. During melting, the disappearance of ice crystals cannot completely restore the original skeleton structure. It can be seen that the aggregation structures (red circle) play a dominant role in the soil skeleton before freezing; however, the fragment structure (green circle) takes the dominant role after thawing. After another freeze-thaw cycle, the weakening effect, shown by a looser structure, became more pronounced. It can be seen in Figure 8 that the dark parts of the SEM picture increase significantly after a second freeze-thaw cycle, shown at 8000 times magnification, and the fragment structure (green circle) became more obvious while the aggregation structures (red circle) decreased. The double frost heave damage on the second frozen soil exacerbated the breaking of the skeleton.
After another freeze-thaw cycle, the weakening effect, shown by a looser structure, became more pronounced. It can be seen in Figure 8 that the dark parts of the SEM picture increase significantly after a second freeze-thaw cycle, shown at 8000 times magnification, and the fragment structure (green circle) became more obvious while the aggregation structures (red circle) decreased. The double frost heave damage on the second frozen soil exacerbated the breaking of the skeleton. The microstructure changes of soft soil shown in the images from electron microscopy scanning experiments were beneficial to explain the structural weakening mechanism of soft soil. Figure 9 reveals the frozen-thawed soil samples' structural changes before and after cyclic The microstructure changes of soft soil shown in the images from electron microscopy scanning experiments were beneficial to explain the structural weakening mechanism of soft soil. Figure 9 reveals the frozen-thawed soil samples' structural changes before and after cyclic loading. It can be seen that the loose structure of frozen soil became compacted because of the cyclic loading. The predominance of platy structures (green circles) were replaced by agglomeration structures (yellow circles), indicating that the structure of the frozen soil became more stable after a long time of cyclic loading. It can be inferred that the adjacent soil particles were squeezed and aggregated, resulting in a denser soil skeleton structure. The compaction affection can improve the strength of the soft soil, but lead to uneven settlement. Figure 10 shows the scan images of first-cycle frozen soil and second-cycle frozen soil after cyclic loading. It is clear that the number of dense group structures in second-cycle frozen soil (purple rectangles) is more than that in once-frozen-thawed soil (light blue rectangles). On account of the more serious fragmentation for second-cycle frozen soil than first-cycle frozen soil, the second-cycle frozen soil had a denser structure than first-cycle frozen soil. From the enlargement of the average Figure 10 shows the scan images of first-cycle frozen soil and second-cycle frozen soil after cyclic loading. It is clear that the number of dense group structures in second-cycle frozen soil (purple rectangles) is more than that in once-frozen-thawed soil (light blue rectangles). On account of the more serious fragmentation for second-cycle frozen soil than first-cycle frozen soil, the second-cycle frozen soil had a denser structure than first-cycle frozen soil. From the enlargement of the average size of soil aggregates after a secondary freeze-thaw action, it could be deduced that the compacting effect of the soil particles became more evident. 
Microstructure of Frozen-Thawed Soil under Cycle Loading
Quantitative Analysis of the Microstructure
Microstructure Analysis of Soil under Freeze-Thaw Cycles
In the SEM images, the pores around the agglomerate can be observed, but it is difficult to measure the pores' size. Therefore, the microphotograph was binarized by IPP (Image-Pro Plus) image analysis software ( Figure 11 ) to calculate the pore size [28] . The white parts (blue circles in Figure 11 ) of the binary picture were considered to be pores. The initial choice of the gray scales has an influence on pore size; however, it has little influence on the percentage change of pores, which is more meaningful to the destruction mechanism.
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Method and Parameters
The microstructure characteristic parameters can be identified and calculated by software, such as the diameter, area, perimeter, shape factor, and roundness. This sub-section selects the following characteristic parameters to analyze the changes in pore structure:
•
The area corresponds to the area occupied by the outline of the object.
• Equivalent diameter (mean): After connecting two points on the outline of the selected object, this is calculated as the average value of the length of the line passing through the centroid.
The fractal dimension is calculated by the area-circumference method. The basic principle is as follows:
where P is the pore perimeter, A is the pore area, and D is the fractal dimension of the pore.
• Surface void ratio ew: the ratio of pore area to particle area. 
where Sw is the pore area, and S is the particle area. Figure 12 shows the distribution of pore diameters under different freezing temperatures. It is observed that the number of small pores (D = 0.3~0.5 μm) reduced, while the number of macro-pores (D > 1 μm) increased. Taking the −10 °C frozen soil as an example, the number of macro-pores nearly doubled after the freeze-thaw cycle. It can also be seen that the lower the freezing temperature, the 
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Method and Parameters
•
Surface void ratio e w : the ratio of pore area to particle area.
where S w is the pore area, and S is the particle area. Figure 13 shows the influence of the second freeze-thaw cycle on the pore diameter distribution of soft soil. There was the same trend of pore-distribution change as in first-cycle frozen soil. This trend became more obvious with the increase of the number of freeze-thaw cycles. Figure 13 shows the influence of the second freeze-thaw cycle on the pore diameter distribution of soft soil. There was the same trend of pore-distribution change as in first-cycle frozen soil. This trend became more obvious with the increase of the number of freeze-thaw cycles. The first freeze-thaw cycle formed weakened areas in the soil structure. The second freeze-thaw cycle not only damaged these weakened areas, but also brought about new structural damage. It can be inferred that the added freezing action will aggravate the redistribution of particles, resulting in an increase in the number of large pores. Figure 14 shows the pore cumulative distribution curves of first and second-cycle frozen soils at different freezing temperatures. The steep development of the curves indicates that the pore area distribution is concentrated in the range of 0-1 μm 2 . With the decrease of freezing temperature, the pore area cumulative distribution curve tends to move upwards, indicating that the proportion of large pores has increased. Figure 15 shows the effect of the number of freeze-thaw cycles on the pore area accumulation curve. Taking −30 °C as an example, it can be seen that the curve shifts upwards after the second freeze-thaw cycle. The potential reason for this trend is that the destructive effect of the frost heave on the structure continues to accumulate under the second freeze-thaw cycle. The first freeze-thaw cycle formed weakened areas in the soil structure. The second freeze-thaw cycle not only damaged these weakened areas, but also brought about new structural damage. It can be inferred that the added freezing action will aggravate the redistribution of particles, resulting in an increase in the number of large pores. Figure 14 shows the pore cumulative distribution curves of first and second-cycle frozen soils at different freezing temperatures. The steep development of the curves indicates that the pore area distribution is concentrated in the range of 0-1 µm 2 . With the decrease of freezing temperature, the pore area cumulative distribution curve tends to move upwards, indicating that the proportion of large pores has increased. Figure 15 shows the effect of the number of freeze-thaw cycles on the pore area accumulation curve. Taking −30 • C as an example, it can be seen that the curve shifts upwards after the second freeze-thaw cycle. The potential reason for this trend is that the destructive effect of the frost heave on the structure continues to accumulate under the second freeze-thaw cycle. 
Distribution of Pore Area after Freeze-Thaw Cycles
Surface Void Ratio under Freeze-Thaw Cycles
Based on the concept of the void ratio, the concept of the surface void ratio (Equation (2)) was introduced into the microstructure. The surface void ratio was smaller than the three-dimensional porosity ratio, but it can be used as a two-dimensional parameter to represent the variation of the spatial pore volume. Table 2 shows the variation of the void ratio of soft soil after different freezing temperatures and freeze-thaw cycles. It can be seen that the surface void ratio has a tendency to increase after the freeze-thaw cycles. The change rule of the surface void ratio is consistent with the one of equivalent diameter, so the conclusion was mutually verified. Fractal theory is used to describe the irregular shape degree of particles in the study of microstructure morphology. When the surface of the particle was relatively smooth, the value of fractal dimension D decreased. Figure 16 shows that the average fractal dimension of the soft soil after freeze-thaw cycles was 
Based on the concept of the void ratio, the concept of the surface void ratio (Equation (2)) was introduced into the microstructure. The surface void ratio was smaller than the three-dimensional porosity ratio, but it can be used as a two-dimensional parameter to represent the variation of the spatial pore volume. Table 2 shows the variation of the void ratio of soft soil after different freezing temperatures and freeze-thaw cycles. It can be seen that the surface void ratio has a tendency to increase after the freeze-thaw cycles. The change rule of the surface void ratio is consistent with the one of equivalent diameter, so the conclusion was mutually verified. Fractal theory is used to describe the irregular shape degree of particles in the study of microstructure morphology. When the surface of the particle was relatively smooth, the value of fractal dimension D decreased. Figure 16 shows that the average fractal dimension of the soft soil after freeze-thaw cycles was increased. In addition, the fractal dimension increased with the decrease of the freezing temperature. This indicated that, during the soft-water freeze-thaw cycle, the growth of ice crystals caused the tiny pores to become connected and turn into large ones with a more irregular shape. Figure 17 shows the equivalent diameter distribution of pores under various freezing temperatures and cyclic loading conditions. From the percentage of the pore diameters which fall between 0.3-0.5 μm and ≥0.5 μm, it can be seen that the number of large pores reduced, while the number of micro-pores increased after loading. This trend became more obvious after one more freeze-thaw cycle. Table 3 indicates the classification of the frozen-thawed soil's pore area before and after cyclic loading. It also shows that the percentage of micro-pores increased, while the percentage of macropores reduced after cyclic loading. The lower the freezing temperature, the more obvious this trend was. The results of area change coincided with the change rule of equivalent diameter. Figure 16 . Average fractal dimension of soil pores. Figure 17 shows the equivalent diameter distribution of pores under various freezing temperatures and cyclic loading conditions. From the percentage of the pore diameters which fall between 0.3-0.5 µm and ≥0.5 µm, it can be seen that the number of large pores reduced, while the number of micro-pores increased after loading. This trend became more obvious after one more freeze-thaw cycle. Table 3 indicates the classification of the frozen-thawed soil's pore area before and after cyclic loading. It also shows that the percentage of micro-pores increased, while the percentage of macro-pores reduced after cyclic loading. The lower the freezing temperature, the more obvious this trend was. The results of area change coincided with the change rule of equivalent diameter. Figure 18 shows the cumulative distribution curves of the pore area before and after cyclic loading. The black curve stands for the sample before cyclic loading, and the red curve represents the sample after cyclic loading. The curves had a large slope in the range of ≤0.5 μm 2 , which indicated that micro-pores were the most numerous of all pore types. Comparing the two curves in Figure 18a f, it is found that cyclic loading reduced the number of large pores, and it was also revealed that the proportion of micro-pores increased while the proportion of macro-pores decreased. As the second freeze-thaw cycle was added, the compression effect became more obvious, as seen in Figure 18 . Figure 18 shows the cumulative distribution curves of the pore area before and after cyclic loading. The black curve stands for the sample before cyclic loading, and the red curve represents the sample after cyclic loading. The curves had a large slope in the range of ≤0.5 µm 2 , which indicated that micro-pores were the most numerous of all pore types. Comparing the two curves in Figure 18a -f, it is found that cyclic loading reduced the number of large pores, and it was also revealed that the proportion of micro-pores increased while the proportion of macro-pores decreased. As the second freeze-thaw cycle was added, the compression effect became more obvious, as seen in Figure 18 . Table 4 confirms the change of pores' fractal dimensions in terms of the experimental result. The reduction of the fractal dimension manifests the complexity of the pore, which was reduced after cyclic loading. The redistribution of the grain skeleton because of cyclic loading made the pore distribution directional and uniform. In addition, the lower the freezing temperature, the more nonuniform the pore was. Table 4 confirms the change of pores' fractal dimensions in terms of the experimental result. The reduction of the fractal dimension manifests the complexity of the pore, which was reduced after cyclic loading. The redistribution of the grain skeleton because of cyclic loading made the pore distribution directional and uniform. In addition, the lower the freezing temperature, the more nonuniform the pore was. 
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Results and Discussion
Relationship of the Void Ratio and Axial Strain
From the SEM images, it is found that the nature of the weakening effect of the dynamic characteristics, such as pore pressure and axial strain before and after the freeze-thaw cycle, came from the microstructure rearrangement. Figures 19 and 20 show the correlation curves of the void ratio vs. axial strain and void ratio vs. normalized pore pressure (pore pressure divided by effective confining pressure) after cyclic loading. It can be observed from the figures that the axial strain and pore pressure increased at the same time as the increase of the pore ratio. Considering the freeze-thaw cycle at −30 • C as an example, the voids of the frozen soils increased by about 64%, the corresponding limit axial strain increased by 50%, and the pore pressure increased by about 27%.
The results pointed to the weakening mechanism of soft soil under freeze-thaw cycles: water phase transition due to the positive and negative temperature changes. The swelling frozen pore water squeezed the nearby soil particles, resulting in the destruction of the link between the particles. Then, the tiny pores connected to each other and turned into large pores, which were unstable but could not easily return to the original state. The lower the freezing temperature, the greater the destructivity of the soil particles. The increased void ratio led to a weakening effect on the macroscopic mechanical properties.
During the dynamic loading process, the dynamic stress formed a stress concentration in the weakening zone; then, the soil particles slipped and the soil structure was further destroyed. The pressure borne by the skeleton structure transferred to the pore water and caused a rapid accumulation of pore water pressure. At the same time, the development of axial strain reflected the compaction effect from cyclic loading on soil samples. It could be seen that the microstructural changes of soft soil were correlated with the macroscopic dynamic characteristics under freeze-thaw cycles and cyclic loading. It is demonstrated that the change of macroscopic mechanism was related to the microstructure recombination. 
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Relationship of Void Ratio Change and Axial Strain
The weakening mechanism of soft soil was closely related to the change of the microstructure. In essence, the macroscopic strain derived from the redistribution of the microstructure. Figures 21  and 22 show the changes for the first-cycle frozen soil and second-cycle frozen soil under cyclic loading at freezing temperatures of −10 °C, −20 °C, and −30 °C. From the curve of the percentage changes of the void ratio and limit value of normalized pore pressure, it can be seen that the axial strain and pore pressure both increase with the rise of the void ratio decrement. 
The weakening mechanism of soft soil was closely related to the change of the microstructure. In essence, the macroscopic strain derived from the redistribution of the microstructure. Figures 21  and 22 show the changes for the first-cycle frozen soil and second-cycle frozen soil under cyclic loading at freezing temperatures of −10 • C, −20 • C, and −30 • C. From the curve of the percentage changes of the void ratio and limit value of normalized pore pressure, it can be seen that the axial strain and pore pressure both increase with the rise of the void ratio decrement. The sharp rise of the soil voids under the freeze-thaw cycle provided a large settling volume for the final settlement. The effect of cyclic loading was a process of energy accumulation; at the beginning of loading, the larger pores were squeezed, and so the soil structure underwent a compaction tendency. When the external load broke the balance of attractive and repulsive forces between the water and grains, a relative slip occurred because of the destroyed junctions between the soil particles. At the same time, the proportion of external load that the pore water carried increased. The compacting effect became more significant as the rate of excess pore pressure and axial strain accumulation increased in speed.
As the cyclic loading was applied, the adjacent structural elements moved gradually closer together, and the loosely-bound water was squeezed out. After that, it was difficult for the adjacent structural elements to move further under the attraction of strongly-bound water. Then, the rate of axial strain and pore pressure growth slowed down and gradually stabilized so that the structure reached a new equilibrium state. For the soil, the lower the freezing temperature, the greater the damage to the structure was. In other words, the lower the freeze temperature or the larger the number of freeze-thaw cycles, the less energy is required for particle rearrangement from cyclic loading.
Conclusions
From the experiment, we analyzed the weakening mechanism of the frozen-thawed soil under cyclic loading from the microscopic point of view. Five conclusions are obtained from the preceding study.
• After freeze-thaw cycles, the flaky structure in the soil sample sharply increased. The increment became more and more significant with the increase of the freeze-thaw cycle number and the decrease of temperature. Because of the freeze-thaw cycle, the number of tiny pores (D < 0.5 µm) decreased, while the number of large pores (D ≥ 1 µm) increased, and so the void ratio also rose. Under a temperature of below zero, the complexity structure of pores became more complex, indicating the average fractal dimension of the pores increased.
•
After loading, the number of large pores were reduced, resulting in a decrease in the porosity ratio. The shift of the cumulative distribution curves indicated that the proportion of tiny pores increased and the proportion of large pores decreased, so that the structure became denser.
• At the beginning of cyclic loading, the accumulated energy of the external load exceeded the binding energy of the partial soil particles. Then, the proportion of the external load that the pore water bore was increased due to the displacement of the particles, resulting in a faster accumulation rate of excess pore pressure.
After cyclic loading, the soil skeleton unit was gradually steadied, and the squeezing effect of the soil was reduced. At this time, the soil structure reached a stable state, shown as a reduction in the accumulation of excess pore pressure and axial strain.
